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Abstract 


We  prototyped  Polyfet  RF  Device's  80V  LDMOSFETs  on  bulk  silicon  substrates  using 
advanced  numerical  two-cUmensional  (2D-)  finite-element  semiconductor  process  and  device 
simulators  and  showed  excellent  agreement  between  measured  and  simulated  DC  and  RF 
parameters.  This  infi'astructure  was  then  used  to  develop  a  number  of  40V  LDMOSFET 
designs,  both  on  bulk  ^con  and  SOI  material,  and  identify  optimum  device  structures  suitable 
for  further  development  in  Phase  H.  Our  Phase  I  research  has  shown  that  SOI  LDMOSFETs 
promise  significant  improvements  in  gain,  noise  figure,  eflBciency,  and  manufacturing  cost 
compared  to  bulk  devices.  These  results  are  highly  promising  and  provide  the  impetus  for 
further  investigation  and  development. 
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C.  Phase  I  Activities 


Cl.  Introduction 

Next  generation  terrestrial  and  space  technolo^es  for  civilian  and  military  applications 
require  broad  band  signal  processing  capability  over  frequencies  that  include  upper  MF,  HF, 
VHF,  UHF  and  L  bands.  Most  applications  are  mobile,  so  prime  power  is  severely  limited. 
Size,  weight,  and  cost  are  also  critical.  The  generation,  amplification,  distribution  and 
conditioning  of  cki  di^  power  become  serious  concerns,  and  in  many  cases,  are  important 
"show  stoppers."  It  is  the  intent  of  this  project  to  develop  low-cost  highly  eflBdent  integrated 
RF  silicon-on  insulator  (SOI)  power  lateral  double-diffused  MOSFET  (LDMOSFET) 
technologies  for  emerging  wireless  communication  and  portable  computing  applications. 

The  RF  industry  is  currently  actively  pursuing  the  development  of  novel  power 
MOSFET  RF  technologies  for  L-band  (0.39  GHz  -  1.55  GHz)  rqjplications.  The  RF 
performance  of  these  new  MOS  technologies  is  at  par  with  that  of  silicon  bipolar  transistors 
and  GaAs  MESFETs,  opening  up  new  exciting  possibilities  in  RF  and  digital/analog  integration 
with  CMOS  technolo^es  [1,2].  In  the  power  amplification  areas,  both  vertical  and  lateral 
MOSFETs  have  been  used  for  multi  Watt  amplifiers  at  frequencies  below  1  GHz.  As 
MOSFET  technology  is  both  simple  and  robust,  which  coupled  with  its  excellent  noise,  power 
gain  and  linearity  may  make  MOS  devices  major  players  in  the  portable  communication 
market. 

The  drcuit  functions  found  in  a  portable  radio  include  RF  mixers,  power  amplifiers 
(PA),  low-noise  amplifiers  (LNA)  and  voltage-controlled  oscillators  (VCO).  The  performance 
of  state-of-the  art  [3-5]  BIT  and  MOSFET  components  suggests  that  silicon  MOSFETs  are 
advantageous  over  BJTs  for  power  amplification  and  points  out  that  for  LNAs  and  mixers,  the 
MOSFET  bdng  a  FET  technology  is  more  linear  than  BJTs.  The  VCO  performance  for 
MOSFETs  is  slightly  inferior  to  that  of  BJTs,  but  still  meets  the  specifications  of  cellular  and 
various  other  radio  applications. 

The  power  an^lifier  industry  is  now  moving  towards  custom-made  transistors  that  are  designed 
ftir  optimum  RF  performance  at  the  device  level.  This  is  required  since  tiie  performance  of  die  transistor, 
vdiidi  is  the  fimHamfintal  elemait  of  the  sub-system,  d^rmines  the  maximum  adiievable  performance  of 
the  entire  sub-system.  These  c^itimum  devices  are  then  int^rated  mto  the  circuit  boards  and  prefer 
matrhing  circuitry  is  built  around  them  to  obtain  the  maximum  gain  and  linearity.  Haice  extaisive 
ipiflftrgfanding  of  the  device  physics  is  mandated  during  the  design  of  flie  transistors  for  these 
applicatiais.  The  RF  performance  of  these  devices  is  mainly  affected  by  the  parasitics  inherait  within 
the  device[7,8].  These  parasitics  affect  critical  device  performance  parameters  sudi  as  efficient?,  gain 
and  noise  figure.  An  in-depth  understanding  of  die  device  physics  he^is  to  predict  the  cause  for  these 
parasitics,  and  haice,  find  means  for  reducing  these  parasitics  during  device  development.  In  this 
investigation,  an  advanced  mixed  device  and  circuit  simulator  was  used  to  study  the  physical  operating 
characteristics  of  die  RF  LDMOSFET  at  1  GHz  in  which  the  transistor  is  r^resaited  as  a  two- 
ttimwiginnal  (2D-)  finite  elemait  grid  structure.  This  reproach  allows  for  direct  solution  of 
semiconductor  ecjuaticxis  at  various  ncxles  in  the  mesh.  Seccxid  order  effects  such  as  higji-field  transport 
and  heat  generatiem  and  difiusion  are  also  included.  This  permits  die  study  of  the  variation  of  depletion 
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region  in  the  device  with  bias  and  other  fectors  that  ccmtrol  the  parasitics  within  the  device.  The 
simulator  also  helps  to  Study  the  high  voltage  behavior  of  the  device,  and  hence,  to  c^tunize  the  design  to 
prevait  process  depmdart  issues  such  as  surfece  breakdown. 

Silicon-on  insulator  (SOI)  technology  is  now  mature  and  is  already  being  used  to 
manufecture  DRAMS,  SRAMS,  and  even  microprocessors  [9].  A  recent  survey  suggests  that 
SOI  technology  oflfers  the  optimum  speed  times  power  product  compared  to  even  GaAs 
technology  [10].  However,  second  order  effects  such  as  lattice  heating  need  to  be  carefully 
taken  into  effect  in  order  to  develop  optimum  SOI  devices.  Our  recent  work  has  shown  that 
self-heating  can  have  deleterious  effects  in  devices  with  feature  dimensions  below  1  micron 
[11].  Until  recently,  SOI  CMOS  technology  has  been  driven  and  proven  by  the  US 
Government  for  strategic-level  radiation  resistant  DoD  applications.  As  SOI  material  cost  and 
quality  have  improved,  commercial  opportunities  have  become  viable.  High  quality,  low  cost 
SOI  CMOS  material  offers  enormous  payoff  for  commercial  DRAMS  and  SRAMS,  while  also 
providing  an  optimal  solution  for  natural  space  products.  To  take  fiill  advantage  of  SOI  VLSI, 
we  propose  to  develop  40V  RF  SOI  power  LDMOSFETs  for  next  generation  mobile 
communication  and  computing  platforms. 


C2.  Prototyping  of  80V  Bulk  Silicon  LDMOSFET  Device 

Polyfet  RF  Devices  has  recently  introduced  [12]  into  the  commercial  market  gold 
metallized  65V  LDMOSFETs  with  an  RF  drain  efficiency  of  55%.  Lateral  devices  are  superior 
to  vertical  devices  for  RF  applications  since  the  source  electrode  can  be  contacted  on  the  wafer 
back  side,  thus  providing  a  viable  common  source  configuration.  The  intent  of  this  proposal  is 
to  further  optimize  these  devices  by  employing  new  device  designs  and  a  low-cost  SOI  wafer 
fabrication  technology.  The  new  technology  can  then  be  applied  beyond  power  amplifiers  and 
in  various  RF  functions  found  in  portable  communication  and  computing  applications. 

This  secticHi  describes  the  metiiodology  used  for  prototyping  Polyfet's  current  80V  silicon  RF 
LDMOSFET.  Tbe  transistor  was  prototyped  using  the  deling  profiles  extracted  fi-om  an  experimaital 
device  and  extensive  two  dimaisional  (2D-)  simulations  were  performed  to  characterize  the  DC  and  RF 
performance  of  foe  device.  A  good  matdi  betweai  foe  measured  and  sinnrlated  data  is  r^orted.  A  sirtq)le 
circuit  model  was  developed  which  accurately  predicts  foe  DC  and  RF  characteristics  in  circuit 
simulators.  It  is  shown  through  2D-  simulations  that  foe  LDD  region  in  foe  LDMOSFET  can  be 
modeled  as  a  JFET.  A  methodology  for  foe  accurate  extractioi  of  model  parameters  for  foe  circuit  model 
is  discussed.  It  is  shown  that  foe  DC  and  RF  performances  of  foe  circuit  model  closely  match  foe 
measured  data.  Advanced  mixed  device  and  circuit  simulatiois  were  used  to  obtain  Sirarameters  of  foe 
device  which  provide  new  msi^its  into  device  physics  and  also  foe  basis  for  statistical  process  control 
studies. 

Optimum  LDMOSFETs  for  lower  voltage  applications  have  been  rqrorted  in  foe  past  [5-7]. 
Wood  et  al.  [5]  r^orted  an  LDMOSFET  device  eperating  with  a  26V  power  supply  providing  a 
tnaximiim  gain  of  1 1 .2  dB  and  44%  drain  efficiaicy.  For  determining  foe  RF  performance  of  foe  device, 
it  is  recpiired  that  a  circuit  model  be  built  which  could  emulate  foe  RF  performance  of  foe  device  at 
specified  bias  conditions.  There  has  be«i  ccnsiderable  work  r^orted  in  foe  past  cn  circuit  models  of 
these  devices  and  also  cm  foe  extraction  of  model  parameters  [8,  12-14].  The  most  desirable  feature  of 
foe  circuit  model  is  its  sin?)licity  and  ease  with  which  model  parameters  can  be  extracted.  The  total 
number  of  ccMr^Jcmoits  must  be  kq)t  to  a  minimum  to  in^rove  foe  simulation  efficiaicy.  The  model 
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validity  can  be  enhanced  if  its  conpcxiaits  can  be  associated  with  the  physical  principles  of  device 
(deration.  This  feature  is  particularly  relevant  to  semiccHiductor  devices  since  in  additicHi  to  predicting 
system  performance,  these  models  are  used  to  estimate  the  sensitivity  of  a  system  to  semicaiductor 
processes  and  device  parameter  variations. 

In  this  section,  a  systematic  approadi  is  used  to  prototype  an  LDMOSFET  structure  using 
foe  measured  doping  profiles  obtained  fix)m  foe  spreading  resistance  profiling  (SRP)  analysis  and 
advanced  2D-  process  and  device  simulators.  Extorsive  DC  simulations  were  performed  to  study  foe 
static  bfoavior  of  foe  device  and  foe  simulated  results  were  coirqrared  with  foe  measured  data.  A 
contract  circuit  model  was  develc^ed  by  extracting  foe  model  parameters  fi-om  foe  measured  and 
gimiilatpH  data.  This  model  was  used  to  perform  DC  and  RF  simulations.  The  circuit  model  was 
developed  from  an  in-depth  understanding  of  foe  physical  operating  principles  of  foe  device  obtained 
from  2D-  simulations.  Mixed  devioe  and  circuit  simulations  were  also  used  to  obtain  S-parameters  of  foe 
intrinsic  device  and  foe  packaged  device.  A  good  matdi  is  obtained  betweai  foe  measured  and  modeled 
DC  and  RF  performances.  This  vahdates  foe  circuit  model  and  also  foe  mefood  of  extracticm  of  foe 
model  parameters  for  foe  various  componaits  of  this  model.  Detailed  performance  plots  showing  foe 
cortq}aris(xi  betweoi  foe  measured,  simulated  and  modeled  results  are  reported. 


(il  De\dce  Structure 

A  device  structure  for  simulaticxi  was  created  using  an  advanced  process  simulator  where  foe 
actual  process  recipe  used  for  wafer  febrication  served  as  foe  input.  The  device  structure  is  represented 
as  a  2D-  finita  elemart  grid  and  foe  device  simulator  was  foai  used  to  simulate  foe  DC  diaracteristics. 
Fig.  1(a)  illustrates  foe  cross  section  of  foe  device  following  each  critical  process  step.  The  basic  device 
structure  is  shown  in  Fig.l(b)  and  correspcmding  feature  dimensions  for  foe  device  are  hsted  Table  1. 
Minor  changes  were  necessary  in  foe  doping  profiles  to  obtain  good  agreement  betweoi  foe  measured 
and  simulated  values  of  Vbd  and  Vfo.  Fig.  2  shows  a  typical  comparison  between  foe  doping  profile  of 
foe  febricated  device  (measured  using  foe  SRP  analysis)  and  foe  simulated  structure. 


Table.  1  Device  feature  dimaisions 


Parameter 

Value  (pm) 

Is 

4.0 

Iso 

4.25 

Iff 

1.5 

lldd 

5.0 

Id 

0.75 

The  device  was  febricated  cxi  a  0.02  f2-cm  p-type  substrate  (si  which  a  9  pm  thick  p-type 
qiitaxial  regicm  (9  Q-cm)  was  grown  at  lOOO^C.  A  prtype  sinker  diffosicm  was  used  to  ground  foe  source 
to  foe  substrate  to  minimize  foe  <x>mmc*i  lead  inductance  and  increase  foe  RF  gain.  The  P'type  body 
legicHi  under  foe  gate  forms  foe  channel.  This  device  is  operated  wifo  a  power  supply  of  28  V,  and  hence, 
foe  device  is  required  to  be  able  to  block  at  least  two  times  foe  operating  voltage  that  mi^  be  seal 
across  foe  device  due  to  inductive  kickback.  This  is  accomplished  by  foe  inclusicxi  of  foe  LDD  r^ion  of 
foe  drain  extoisicsi.  In  foe  absaice  of  foe  LDD  r^cn,  most  of  foe  apphed  drain  voltage  appears  across 
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Stq)  4.  Layer  6  by  itself  to  do  As  Source  Implant. 


N  +  SOURCE 


Step  5.  Formaticai  of  Source,  Drain  and  N  LDD  after  1000°C  anneal. 

SOURCE  GATE  DRAIN 


St^  6.  Final  stmcture  after  metal  mask. 

Fig.  1(a)  Process  sequaice  for  80V  siliccai  RF  LDMOSFET  (continued). 
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DRAIN  CURRENT  (A) 


Fig.  1(b)  Cross-secticai  of  LDMOSFET 


Fig.2  Dqjing  profile  under  the  gate 


DRAIN  BIAS  (V) 


Fig.3  Simulated  vs.  Measured  Id-Vds  curves 


Fig.4  C-V  Plots 
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Fig.  5  Transconductance  and 
losat  VS.  VgS- 


Fig.6  Variation  of  Qn-Resistance  and 
Vth  with  ten:5)erature 


ON-RESISTANCE  (Q) 


DRAIN  CURRENT  (A) 


Fig.  7  Circuit  model  for  LDMOSFET  Fig.8  Plot  showing  voltage  drop 

along  channel  and  LDD 


DRAIN  BIAS  (V)  *in 


Fig.lO(a)  Measured  and  Modeled  I-V  curve  Fig.  10(b)  Measured  and  Modeled 

Pin-Pout  Data 


SIMULATED 

—  MODELED 

-  MEASURED 


Fig.  10(c)  SI  1  Data 


Fig.  10(d)  S22Data 


the  gate  oxide  (gate  is  at  ground  during  breakdown  simulaticHis).  This  leads  to  a  large  electnc  field  in  the 
oxide  region,  and  a  correspondingly  large  field  in  the  silicon  substrate  underneath  the  gate.  Depletion 
diarge  is  required  in  silicm  to  support  this  voltage  across  the  oxide.  This  charge  can  be  generated  m  a 
very  shallow  regirai  for  the  heavily  doped  drain  region;  however,  the  hghtly  dqjed  substrate  has  to  be 
depleted  much  more  significantly  to  support  this  voltage.  This  corresponds  to  a  large  vertical  electric 
field.  These  field  lines  terminate  in  the  poly.  So,  breakdown  takes  place  by  iitpact  generaticm  m  the 
substrate  region  just  beycaid  the  heavily  dqied  n  drain  regicxi. 

This  causes  the  breakdown  voltage  to  remain  constant  for  a  given  oxide  thickness.  The 
^HHitinnal  voltage  has  to  be  supported  outside  the  gate  regicm.  This  is  achieved  by  receding  tire  drain 
region  away  fi-om  the  gate  edge  and  the  formation  of  the  LDD  region  betweai  the  gate  and  drain  edges. 
The  doping  in  the  LDD  region  could  be  varied  to  ensme  that  the  breakdown  now  occurs  not  at  the 
surface  but  deqier  into  the  substrate  at  the  edge  of  foe  n  drain.  Ideally,  foe  electnc  field  is  expected  to 
be  uniformly  distributed  forou^out  foe  LDD  region  at  foe  time  of  breakdown.  Fig.3  shows  foe  electnc 
field  distributicm  along  a  horizontal  cross  secticm  of  foe  device  at  foe  time  of  breakdown.  The  electnc 
field  is  shown  to  be  maximum  in  foe  LDD  region  of  foe  device  and  peaks  at  foe  drain  and  gate  edges  of 
foe  LDD  regirai.  The  LDD  doping  affects  foe  parasitics  such  as  Cqss  and  Crss-  Th®  doping  in  foe  p- 
body  r^cHi  detennines  foe  threshold  voltage  and  also  helps  to  prevent  punch  forou^  between  foe  drain 

and  source  regions. 


(iil  Comparison  Between  Measured  and  Simulated  Results 


Extaisive  2-D  simulaticais  were  performed  to  study  DC  and  RF  performances  of  foe  device. 
Results  obtained  from  2D-  device  simulaticms  are  shown  to  be  in  good  agrement  with  foe  measured 
results.  The  device  has  a  VbD  of  78  V  and  a  threshold  voltage  of  2.5  V.  Table.2  shows  a  con5)arison 
b^ween  foe  measured  and  simulated  results  for  foe  DC  performance  of  foe  device. 


Table  2.  Measured  and  Simulated  DC  Characteristics 


PARAMETER 

BIAS  CONDITIONS 

MEASURED 

SIMULATED 

Vrd  (V) 

VgS  =  ov.  Id  =  0.05A 

65  (min.) 

78 

Vtti  (V) 

VdS  =  0.1V 

2.5 

2.5 

fmho) 

VgS  =  5  V  ,VdS  =  10  V 

0.8 

0.82 

VgS  =  20V,Id  =  4A 

1 

0.95 

^  - - 

R<:p  (mQ-cm"^) 

VgS  =  12V,VdS  =  0.1V 

6.2 

5.9 

iDsat  (A) 

VgS  =  20V,VdS  =  10V 

6.0 

6.0 

Ciss  (pF) 

VgS  =  0V,VdS  =  28V, 

F  =  1  MHz 

30.0 

29.2 

Coss  (pf) 

VgS  =  0V,VdS  =  28V, 
F=lMHz 

15.0 

14.6 

Crss  ^10 

VgS  =  0  V ,  VdS  =  28  V, 

F=lMHz 

1.5 

1.71 

*  Width  of  device  =  3 .8  cm 
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As  shown  in  Table  2,  a  good  matdi  is  obtained  between  the  measured  and  simulated  results. 
Fig.4  shows  a  comparison  betweai  tiie  measured  and  simulated  I-V  curves  for  gate  voltages  from  4  V  to 
12  V.  Figs.  5  to  7  show  the  conparison  of  other  DC  characteristics  between  the  measured  and 
simulated  results.  The  device  is  cperated  from  a  28  V  power  supply  and  a  quiescent  drain  currait  of  400 
mA.  The  RF  cperating  frequency  was  1  GHz. 

As  discussed  earUer,  this  device  is  meant  to  be  used  in  RF  power  amplifiers  for  cellular  base 
staticsis.  Hence,  the  RF  characteristics  such  as  power  added  eflBciaicy,  gain,  noise  figure, 
intermodulaticai  distoitiai  are  the  parameters  of  most  ccHicem  for  this  device.  The  first  stq)  towards  the 
RF  charac^rizaticxi  of  fiiis  structure  is  fire  extracticMi  of  S-parameter  data.  Mixed  simulations  at  the 
givai  bias  point  and  operating  fiequoicy  were  performed  with  the  input  and  output  terminals  matched  to 
50  nhms  and  with  and  without  the  package  parasitics  included.  The  results  show  a  very  good  match  with 
the  measured  data.  These  parameters  are  important  in  determining  the  RF  performance  of  the  device 
since  a  prcper  impedance  matching  circuitry  can  be  built  using  the  Sparameter  data  to  obtain  maximum 
gain  and  efficiency. 

Because  of  the  nature  of  apphcations  and  also  the  hi^  power  levels  involved,  this  device  is 
expected  to  gaierate  extorsive  heat.  Haice,  it  is  inportant  to  study  the  performance  of  this  device  at 

ambiait  temperatures  including  the  effects  of  self-heating  [16].  Extensive  2D-  simulation^  were 
performed  to  determine  the  DC  diaracteristics  of  the  device  from  temperatures  ranging  from  -50  C  to 
200°  C.  Fig.7(a)  shows  the  variation  in  R<ai  and  Vth  with  teirperature.  Fig.  7(b)  shows  fire  variation  of 
gm  and  iDsat  for  this  device  with  tenperature.  The  cxi-resistance  andtransccHiductance  of  foe  device  are 
related  to  foe  mobility  of  foe  carriers.  Hoice,  due  to  foe  decrease  in  foe  mobility  of  carriers,  the  on- 
resistance  is  expected  to  increase  and  foe  transccxiductance  is  ejpected  to  decrease  wifo  tenperature.  An 
equatiai  has  bear  proposed  to  predict  foe  variation  of  cxi-resistance  with  tenperature  for  p-  and  n- 
channel  MOSFETs  as  follows: 

Ron{T)  =  Ror.{25^C){-~y  (1) 

vfoere  T  is  foe  absolute  terperature.  The  value  of  n  over  wide  tenperature  range  is  about  2.0. 

The  RF  performance  of  foe  device  was  calculated  by  foe  use  of  a  circuit  model  that  was 
developed  after  careful  study  and  understanding  of  foe  device  physics.  This  circuit  model  was  used  in 
SPICE-like  simulators  [17,18]  for  performing  foe  desired  simulations  at  RF  frequaicies.  The  simulaticm 
results  obtained  from  foe  circuit  model  are  shown  to  be  in  close  agreemort  with  foe  actual  device 
measiuem^its  for  both  foe  DC  and  high  frequency  operation  as  shown  in  foe  various  plots  that  follow 
foe  descripticKi  of  foe  model. 


(iii)  Circuit  Model 

The  circuit  model  developed  for  foe  emulatim  of  foe  device  performance  is  shown  in  Fig.  8.  This  is  a 
sinple  circuit  model  consisting  of  a  SPICE  Level  1  MOSFET  [19,20],  a  JFET  and  a  diode  [21]  as  foe 
basic  elmaits.  This  circuit  model  also  includes  foe  parasitic  capacitances  sudi  as  foe  Ciss  and  Crss- 
Numerous  circuit  models  for  power  LDMOSFETs  have  been  reported  in  foe  literature  [8,12-14].  It  is 
shown  in  this  work  that  foe  LDD  r^cai  offers  a  ncxi-linear  resistance  to  foe  current  flow,  and  haice,  is 
equival^  to  a  JFET  in  behavior. 

Fig.  9  shows  foe  potartial  across  foe  diarmel  and  LDD  regiai  for  differoit  drain  bias  voltages. 
For  smaller  values  of  VdS,  potaitial  drop  alcxig  foe  LDD  r^<ai  is  linear,  indicating  resistive  behavior. 
However,  at  higher  values  of  VdS.  potaitial  dr<p  becomes  highly  ncHilinear,  wifo  more  potartial 


12 


drop  towards  tiie  gate  aid  of  the  LDD.  This  ncsilinear  distributian  of  voltage  alcxig  the  LDD  indicates 
that  it  is  not  apprqiiiate  to  model  this  regicm  as  a  simple  resistor.  The  pindiofiF  of  the  JFET  can  be  seen 
to  occur  near  the  gate  edge  of  the  LDD  r^oo.. 

The  diode  in  the  circuit  is  used  to  model  the  body  diode  betwem  the  drain  and  substrate  in  the 
device.  This  is  always  reverse  biased  since  the  substrate  is  grounded  and  the  variation  in  die  capacitance 
is  actually  due  to  the  diange  in  the  d^letiai  r^jon  of  this  diode  with  applied  voltage  at  the  drain 
electrode.  The  capacitances  Qss  and  C^s  are  modeled  as  fixed  capacitances  measured  at  quiescent 
VdS-  body  diode  in  die  circuit  is  used  for  modeling  the  vanation  of  Cqss  widi  the  applied  VdS- 
Thus  Cqss  is  modeled  with  the  p^i  junction  diode  capacitance  equation  : 


C  OSS 


(1  + 


C  JO 

~f77 

Vj 


) 


m 


(2) 


Table  3  lists  the  extracted  model  parameters  for  the  80V  LDMOSFET  using  the  measured  data  fi-om  the 
eiqierimental  device. 

Model  parameters  were  extracted  for  the  DMOS  large-signal  FET  model  by  using  the  following 

data ; 


a)  Measured  Id-VdS  curves  that  cover  the  aitire  operating  range  of  the  device,  i.e. 

0  <  VdS  <  28  V  and  VqS  for  0  <  Id  <  iDsat 

b)  Capacitance  measurements  Coss>  Ciss,  Crss  for  various  values  of  VdS- 

c)  S-parameter  vs  fiiequaicy  measuremaits  of  the  DMOSFET  biased  at  die  quiescait 
(grating  point. 

d)  RF  output  versus  input  power  data  for  the  verification  of  the  model. 

The  following  sequaice  illustrates  a  systematic  procedure  for  extracting  the  model  parameters. 

1 .  Extract  initial  parameters  for  the  MOSFET  by  fitting  the  MOSFET  model  to  measured  I-V 
data. 

a)  Set  VtO  equal  to  Vto  @  ID  =  1  fi-om  measured  Id-VdS  curves. 

b)  Calculate  K,=2(lIW)  , 

vgs—^to) 

fixim  ID"VgS  curves  in  die  linear  r^on.  L  and  W  are  the  gate  lengdi  and  width  of  the 
DMOSFET. 

c)  Calculate  Rt  =  Vgs/IDS  using  the  Id-VgS  curves  in  the  linear  regicm  of  iDmax  curve. 

d)  SetRD  =  RS=RT/2. 

e)  Determine  LAMBDA  to  fit  the  slqie  of  saturated  Id-VdS  data  for  lower  Id  curves. 

2.  Extracting  the  JFET  param^rs. 

a)  Set  Vto  =  -VdS  by  using  the  knee  at  the  intersection  formed  by  exteiding  the 
saturated  regicms  of  the  Id-VdS  curve  with 

(VgS  =  maximum  operated  Vgs)  !  2. 

b)  Find  BETA  fi-om  die  value  of  Kp  found  for  the  MOSFET  by  using  die  equation 

BETA  =  Kp{WIL) 

c)  Lambda  is  determined  to  fit  the  slc^e  of  the  iDmax  curve. 


13 


3 .  Final  Parameter  Extraction. 

a)  Fit  the  current  level  for  the  ciuves  at  lower  VgS  values  by  adjusting  the  values  of  Kp  and 

lambda.  The  mid-range  Id-VdS  curves  can  be  adjusted  by  adjusting  tire  values  of  and  Rd 

so  that  Rt  remains  almost  ccmstant. 

b)  Adjust  the  JFETVtO  parameter  to  adjust  the  slq)e  as  well  as  level  of  tire  upper  level  Id-VdS 
curves. 

c)  The  spacing  betweai  the  curves  for  hi^er  VgS  can  be  adjusted  by  adjusting  the  value  of 
JFETBETA. 

d)  The  slope  of  the  rqjper  level  Id-VdS  curves  is  adjusted  by  tweaking  the  JFET  LAMBDA 
parameter. 

e)  Adjustingthe  values  of  Rs  and  Rd  for  the  MOSFEThelp  get  a  good  match  with  the  measured 
data  at  the  end  of  these  st^s. 

f)  The  values  of  Ciss  and  Crs  are  direcdy  read  out  from  the  measured  data  at  the  quiescent  drain 
bias. 

g)  The  value  of  Cjo  for  the  diode  is  set  equal  to  the  value  of  Cqss  at  zero  drain  bias.  The  value  of 
Coss  at  the  quiescent  drain  bias  is  used  to  calculate  the  value  of  m  using  equation  (2). 

h)  The  values  of  other  parasitics  sudi  as  the  lead  inductance,  capacitance  and  resistance  for  the 
three  electrodes  are  found  through  an  optimizaticai  of  the  large-signal  S-parameters  of  the 
DMOSFET  at  the  quiescait  bias  point. 

The  above  specified  parameter  extracticm  methodology  was  utilized  to  extract  the  model 

parameters  for  the  circuit  model  of  80  V  LDMOSFET.  Table  3  shows  the  extracted  model  parameters 

for  all  the  conponents  of  the  circuit  model. 

Table  3.  Extracted  Model  Parameters  for  80V  LDMOSFET 


Component 

Value 

MOSFET 
(level  - 1) 

type=m,  VtO=2.5,  Kp=1.25e-5, 

LAMBDA=0.15,Rd=0.01,  Rs=0.54, 

L=l.l  pm,  W=4cm 

JFET 

tvpe=^,  VtO=^-8,  BETA=0.955  LAMBDA=0.02 

Diode 

qo=45e-12,  Rs=0.25,Vi=0.75,  m=0.545,  VbD=65 

Ciss  (pF) 

29.2 

Crss  O^F) 

1.71 

rg(^^) 

0.001 

LG(nH) 

0.13 

Rd(W) 

0.0001 

LD(nH) 

1.10 

Ls(nH) 

0.23 

Fig.  10(a)  shows  the  comparison  between  the  measured  and  modeled  results  for  the  ID'VdS 
curves.  As  ^own  in  the  figure,  fire  model  closely  emulates  the  performance  of  the  erqjerimental  device. 
The  S^arameter  gimnlatinns  of  tiiis  circuit  model  were  performed  wifli  the  input  and  ou^ut  matched  to 
50  Q.  Figs  10(a)  and  10(c)  show  a  gocxl  match  betweai  the  measured,  simulated  and  modeled  data  for 
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Sii  and  S22-  Impedance  matching  circuitry  was  then  built  for  this  circuit  model  to  obtain  maximum 
power  gain.  This  circuit  was  used  in  harmcaiic  balance  simulators  to  perform  large  signal  AC 
simulaticxis  for  calculating  foe  maximum  power  gain  and  efficiaicy.  Fig  10(d)  shows  foe  measured  and 
simulated  data  for  Pin-Pout  performance  offois  device.  The  device  gives  a  maximum  gain  of  15  dB  with 
a  peak  input  power  of  2  W.  The  drain  efficiaicy  offois  device  has  been  found  to  be  55%.  Noise  figure 
simulaticms  were  performed  cm  this  device  using  foe  similar  matching  netwoik  as  was  used  for  foe  gain 
simulations.  The  noise  figure  for  this  device  was  simulated  to  be  6.5  dB  as  con^jared  to  foe  measured 
noise  figure  of  5.5  dB.  As  shown  in  Fig  10(d)  foe  simulated  data  fi-omfoe  circuit  model  for  foe  P  out  and 
gain  follow  foe  trend  of  foe  measured  data,  ahhou^  a  perfect  match  has  not  been  obtained.  The 
mismatch  is  attributed  to  losses  in  foe  matching  circuits  in  a  practical  anqilifier. 

Yet  anofoer  in^ortant  aspect  in  foe  design  of  LDMOSFETs  for  power  apphcaticms  is  foe  issue 
of  self-heating  [16].  Self-heating  could  lead  to  premature  breakdown  offoe  device,  and  could  degrade  foe 
performance  of  foe  device  to  a  ccmsiderable  extent  in  case  of  a  large  rise  in  temperature  within  foe  device. 
Two-dimensional  ncxi-isofoermal  simulaticais  were  performed  using  MIXEDMODE  [22]  to  study  foe 
self-heating  properties  of  this  device.  It  has  beai  observed  that  foere  is  no  significant  rise  in  foe 
temperature  within  foe  device.  This  is  ejqslained  by  foe  feet  that  this  is  a  bulk  device,  and  h^ce,  foe  heat 
goierated  within  foe  device  is  easily  dissipated  in  foe  large  bulk  regiem  [23,24].  No  significant  changes  in 
foe  DC  or  RF  parameters  have  beai  observed  due  to  self-heating. 


C3.  Design  of  50V  LDMOSFETs  on  Bulk  and  SOI  Substrates 

In  this  work,  four  new  50V  LDMOSFET  device  stmetures  were  studied  to  understand  foe 
bdiavior  of  difierait  technologies  for  RF  performance.  Two  offoe  devices  were  built  in  foe  conv^iticmal 
bulk  sUicon.  The  two  devices  differ  from  each  other  in  terms  of  doping  in  foe  qii  r^cm.  The  first  device 
(Str  1)  has  an  n^^pe  qjitaxial  region  and  foe  second  bulk  structure  (Str  2)  has  an  p^type  qiitaxial  r^on. 
Str  3  (n-type  epi)  and  Str  4  (p-type  qji)  were  designed  using  foe  SOI  technology  with  a  0.3  pm  thick 
buried  oxide  layer  within  foe  device.  Extensive  DC  simulations  were  performed  cm  all  foe  four  devices. 
Circuit  mcxiels  were  extracted  for  foe  four  devices  and  vahdated  with  foe  simulated  data.  RF  simulations 
were  performed  at  1  GHz  using  foe  circuit  models.  Non-isofoermal  simulaticms  were  performed  on  foe  n- 
type  epi  devices  m  bulk  and  SOI  to  study  foe  effect  of  self-heating  cm  foe  DC  and  RF  performance. 

(i)  Device  Strucfoires 

Device  stmetures  for  simulaticm  of  foe  four  devices  were  created  using  an  advanced  process 
simulator  in  which  foe  device  stmeture  is  represarted  as  a  2D-  finite  elemaxt  grid.  An  advanced  device 
simulator  \\hich  is  used  to  calculate  foe  semiconductor  equations  at  each  of  foe  grid  points  was  used  to 
simiilatft  foe  DC  performance.  The  simulator  is  also  used  to  solve  foe  heat  flow  equations  to  study  foe 
Icxml  temperature  changes  within  foe  device  due  to  selfheating.  The  four  device  stmetures  are  shown  in 
Fig.  1 1  (a)-(d).  The  basic  tcpology  for  foe  four  devices  is  similar.  Figs.  1 1  (a)  and  1 1  (b)  represait  foe 
bulk  MOSFETs  and  Figs  .11(c)  and  11  (d)  rqiresaitfoe  SOI  MOSFETs.  Optimum  deping  levels  were 
arrived  at  by  simulating  foe  breakdown  performance  of  each  of  foe  devices  using  a  device  simulator.  All 
these  (kvices  were  designed  for  breakdown  voltage  of  50  V.  The  deping  profiles  for  each  of  these  device 
stmetures  are  shown  in  Figs.  12(a)-(c).  Table  4  gives  foe  feature  dimaisicms  for  foe  four  devices. 
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Table  4.  Performance  comparison  of  four  device  structures  under  study. 


Technology 

BULK 

SC 

)I 

Parameter 

N-EPI 

(Strl) 

P-EPI 

(Str2) 

N-EPI 

(Strl) 

P-EPI 

(Strl) 

W  (A) 

650 

650 

650 

650 

tepi  (pm) 

8 

8 

8 

8 

Doping  (cm' ) 

epi 

1.2x10*^ 

1.2  xlO*^ 

2.0x10*^ 

1.2x10*^ 

substrate 

2.5  X 

2.5  X  10‘* 

2.5  x  lO'* 

2.5  x  10‘^ 

~  -  - - 

sinker 

2.0  X  10‘^ 

2.0  X  10^^ 

- 

- 

p  base 

8.5  X  lO'"^ 

8.5  X  lo'’ 

4.0  xio'"^ 

4.0  xio'"^ 

source 

2.0xl0“ 

2.0xl0“ 

4.0xl0“ 

4.0x10^“ 

n^  chain 

7.0  x  lo’’ 

7.0  xio’^ 

6.7  X  10*^ 

6.7x10*^ 

nldd 

0.7  xio'"^ 

0.7x10^"^ 

0.3  X  10^"^ 

1.0  X  10^"^ 

Dimension  (pm) 

Is 

2.25 

2.25 

1.0 

1.0 

Iso 

2.75 

2.75 

1.25 

1.25 

k 

1.1 

1.1 

1.2 

1.2 

lidd 

1.6 

1.6 

1.2 

1.2 

0.75 

0.75 

0.75 

0.75 

These  devices  were  designed  to  qierate  from  a  12  V  power  supply.  Hence,  they  are  required  to 
be  able  to  block  up  to  three  to  four  times  the  operating  voltage  that  mi^t  be  seen  across  the  device  due 
to  inductive  kickback.  This  is  accomplished  by  the  inclusirai  of  the  LDD  regiai  of  the  drain  extensirai.  In 
the  absaice  of  the  LDD  r^on,  most  of  the  applied  drain  voltage  appears  across  the  gate  oxide  (gate  is  at 
frie  ground  potential  during  breakdown  simulations).  This  leads  to  a  large  electnc  field  in  the  oxide 
regicxi,  and  a  correspondingly  large  field  in  the  silicrxi  substrate  underneath  the  gate.  Depletion  charge  is 
required  in  silicon  to  support  this  voltage  across  the  oxide.  This  charge  can  be  gaierated  in  a  very 
shallow  regicxi  for  the  heavily  dc^ed  drain  r^cxi;  however,  the  h^tly  doped  substrate  has  to  be  depleted 
mudi  more  significantly  to  support  this  voltage.  This  corresponds  to  a  large  vertical  electnc  field.  These 
field  lines  terminate  in  fiie  polysiliccxi.  Hen<»,  breakdown  takes  place  by  inqiact  gaieration  in  the 
substrate  regicxi  just  be5rond  the  heavily  dc^ed  n  drain  r^ton.  This  causes  the  breakdown  voltage  to 
remain  almost  constant  for  a  given  oxide  thickness.  The  additional  voltage  has  to  be  supported  outside 
file  gate  r^cxi.  This  is  achieved  by  receding  the  drain  r^on  away  from  the  gate  edge  and  the  formaticxi 
of  the  LDD  r^cm  between  the  gate  and  drain  edges.  The  doping  in  the  LDD  region  could  be  varied  to 
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Fig.  1 1(a)  Bulk  n-epi  device  (Strl) 


Fig.  1 1(c)  SOI  n-epi  device  (Str3) 


S 
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Fig.  1 1(b)  Bulk  p-epi  device  (Strl) 


Fig.  1 1(d)  SOI  p-epi  device  (Str4) 
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Fig.  12(a)  Doping  profiles  of  the  LDD  regicai  for  four  devices. 
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Fig.  12(b)  Dqping  profiles  under  the  gate(in  the  p-body)  for  four  devices. 


DISTANCE  FROM  SURFACE 
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Fig.  12(c)  Dqjing  profiles  of  the  sinker  regicHi  for  bulk  devices. 


DRAIN  BIAS  (V) 

Fig.  13(a)  ConpariscMti  of  C-V  plots  for  bulk  devices 


Fig.  13(b)  ComparisOT  of  C-V  plots  for  SOI  devices 
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Fig.  14  VaiiaticMi  in  poteotial  in  LDD  and  channel  with  gate  bias. 
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aisure  tiiat  the  breakdown  now  occurs  not  at  the  surfece  but  deqrer  into  the  substrate  at  the  edge  of  the 
n^  drain.  Ideally,  the  electric  field  is  e^qrected  to  be  uniformly  distributed  throu^out  fire  LDD  r^on  at 
the  time  of  breakdown. 

The  p^ype  body  region  under  the  gate  forms  the  charmel  for  the  MOSFET.  The  deling  in  the  p- 
body  regioi  chiefly  caitrols  the  fiireshold  voltage  of  the  device.  From  fire  plot  of  electric  field  distribution 
alcsig  a  horizcxital  cross  secticKi  of  the  device  at  fire  time  of  breakdown,  it  can  be  shown  that  field  is 
maximum  in  the  LDD  r^cxi  of  the  device  and  peaks  at  the  drain  and  gate  edges  of  the  LDD  r^on.  The 
LDD  deling  affects  the  parasitic  capacitances  including  Coss  and  C^s-  As  shown  in  Table  4,  there  is  no 
sinker  fijrmation  in  SOI  devices.  Hmce,  due  to  the  absaice  of  sinker  r^on  in  SOI  devices,  there  is  a 
large  reducticn  in  the  total  laigth  of  the  device.  This  causes  a  large  reducticHi  in  fire  specific  oi- 
resistance.  This  could  prove  to  be  of  great  advantage  in  power  anplific^on  apphcations  as  it  would 
minimize  ccxiduction  power  loss  and  reduces  self-heating. 

till  Comparison  between  DC  Performance  of  the  Four  Structures 

Ext^sive  DC  simulaticns  were  performed  cm  all  the  four  devices  and  their  perfermances  were 
con^ared  to  predict  the  c^timum  device  with  minimum  parasitics  and  vhich  could  give  the  best  RF 
performance.  Table  5  shows  the  DC  performance  coit^arison  for  the  four  devices. 

Table  5 .  Simulated  DC  performance  for  the  four  devices 


Technology 

BULK 

SOI 

Parameter 

(Strl) 

MEIX3M 

(Str3) 

(Str4) 

VbD(V) 

49.0 

49.0 

48.5 

49.0 

Vth  (V) 

1.65 

1.64 

1.6 

1.6 

Ciss  (at  zero  bias)  ^F) 

29 

29 

26.2 

24.2 

Ciss  (atVDS=12V)(pF) 

23.5 

24.0 

17.5 

18.0 

Coss  (at  zero  bias)  (pF) 

26.5 

24.0 

21.0 

20.5 

Coss(atVDS=12V)(pF) 

5.5 

5.0 

5.0 

4.7 

C  rss  (at  zero  bias)  (pF) 

8.2 

7.75 

8.2 

8.75 

Crss(atVDS=12V)(pF) 

1.9 

1.5 

1.6 

1.9 

Ron(VGS=6V, 

vds=o.iv) 

1.09 

0.96 

0.86 

0.61 

Rsp  (mQ-cm^) 

1.06 

0.89 

0.50 

0.46 

gm  (atVDS=12V, 

VGS=6  V) 

1.48 

1.52 

1.75 

1.68 

*  Device  width  =  4  cm. 


Figs.  13(a)  and  13(b)  show  the  con5)aris<xi  of  the  C-V  plots  for  the  bulk  and  SOI  devices  at 
Vds  of  12  V.  As  seal  fi’om  the  plots,  the  parasitic  capacitances  (Coss,  Qss,  and  Ciss)  at  zero  bias  for  the 
SOI  devices  are  significantly  lower  than  for  the  bulk  devices.  This  is  an  important  result  to  predict  the 
RF  performance  of  these  devices.  As  discussed  earlier,  the  cxi-resistance  of  SOI  devices  is  significantly 
smaller  conqiared  to  the  bulk  devices.  This  leads  to  lower  heat  diss^aticxi,  and  hence,  inqiroved  power 
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gain.  It  is  shown  in  Table  5  that  the  SOI  devices  also  have  a  higher  transosiductance  than  the  bulk 
devices.  This  would  prove  to  be  a  significant  parameter  for  RF  appUcaticxis  since  this  parameter 
determines  the  power  gain  of  the  transistor. 

As  discussed  earher,  this  device  is  meant  to  be  used  in  RF  appUcations  such  as  the  power 
an5)lifiers  for  cellular  base  stations.  Hence,  die  RF  characteristics  such  as  power  added  efficiency,  gain, 
noise  figure,  and  intermcxlulation  distorticai  are  the  parameters  of  most  concern  for  fiiis  device.  The  first 
step  towards  the  RF  characterizaticxi  of  this  stmchire  is  the  extracticHi  of  S-parameter  data.  These 
parameters  are  in:5)ortant  in  determining  tiie  RF  performance  of  the  device  since  a  prefer  impedance 
matching  circuitry  can  be  built  using  the  S^arameter  data  to  obtain  maximum  gain  and  efficiaic^.  It  is 
mandated  that  a  circuit  model  be  developed  that  would  closely  emulate  the  DC  and  RF  performance  of 
these  devices.  This  is  required  for  performing  the  large  signal  AC  simulaticms  for  determining  die  RF 
performance.  Mixed  simulaticxis  at  the  given  bias  point  and  operating  fiequaicy  were  performed  with  the 
input  and  output  terminals  matched  to  50  Q.  A  sirtqile  circuit  model  was  develqied  dirougji  a  proper 
understanding  of  the  device  physics  as  described  below. 

(iiil  Circuit  Model 

The  circuit  model  develqied  for  the  80V  LDMOSFET  (illustrated  in  Fig.  7  in  the  previous 
section)  was  also  used  to  emulate  the  device  performance  of  all  fom  50V  devices. 

Fig.  14  shows  the  potaitial  across  die  channel  and  LDD  region  for  dififerait  drain  bias  voltages. 
For  smaller  values  of  Vqs,  potaitial  drqi  along  die  LDD  r^cxi  is  linear,  indicating  resistive  bdiavior. 
However,  at  higher  values  of  Vds,  die  potential  drqi  becomes  highly  ncnlinear,  with  more  potential  drqi 
towards  the  gate  end  of  the  LDD.  This  ncmlinear  distributiem  of  voltage  alcxig  the  LDD  indicates  that  it  is 
not  appropriate  to  model  this  region  as  a  single  resistor.  The  pinch-off  of  die  JFET  can  be  seen  to  occur 
near  die  gate  edge  of  the  LDD  r^cxi.  As  in  Fig.  7,  we  have  modeled  this  nonlinear  resistor  using  a 
JFET. 


Table  6(a)  Model  parameters  for  Str  1 . 


Component 

Value 

MOSFET 

type=m,  Vto=1-6,  Kp=1.5e-5, 

(level  - 1) 

LAMBDA=0.15,Rd=0.0001,  Rs=0.0001, 

L=0.9  pm,  W=4  cm 

JFET 

type=n,  VtO=-4.4,  BETA=0.95,  LAMBDA=0.03 

Diode 

VbD=50,  Cjo=26.5e-12,  Rs=0.25,Vj=0.7,  m=0.345 

Qss  (pF) 

23.5 

Crss  (pF) 

1.9 

RG(^2) 

0.01 

LG(nH) 

0.13 

RD(Vy) 

0.01 

LD(nH) 

0.6 

Ls(nH) 

0.23 
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Table  6(b)  Model  parameters  for  Str  2. 


Component 

Value 

MOSFET 

type=n,  VtO=1-6,  Kp=1.2e-5, 

(level  - 1) 

LAMBDA=0.18,Rd-0.001,  Rs=0.001, 

L=0.9  pm,  W=4  cm 

JFET 

type-n,  VtO=-4.6,  BETA=0.85,  LAMBDA==0.03 

Diode 

Vbd=50,  Cjo=29e-12,  Rs=0.25,Vj=0.7,  m=0.395 

Ciss  (pF) 

24.0 

Crss  (pF) 

1.5 

RG(i^) 

0.01 

LG(nH) 

0.53 

rd(W) 

0.01 

LD(nH) 

0.6 

Ls(nH) 

0.23 

Table  6(c)  Model  parameters  for  Str  3. 


Component 

Value 

MOSFET 

type=n,  VtO=1-6,  Kp=1.4e-5, 

Oevel-1) 

LAMBDA=0.17,Rd=0.002,  Rs=0.001, 

L=0.9  pm,  W=4  cm 

JFET 

type=n,  VtO=-4.5,  BETA=1.2,  LAMBDA=0.02 

Diode 

Vbd=50,  qo=21e-12,  Rs=0.25,Vj=0.7,  m=0.395 

Ciss  (pF) 

17.5 

Crss  (pF) 

1.6 

RG(fi) 

LG(nH) 

0.13 

RD(W) 

LD(nH) 

1.1 

Ls(nH) 

0.23 

The  model  parameter  extracticm  methodology  described  in  the  previous  section  was  utilized  to 
extract  the  model  parameters  for  the  circuit  model  of  50  V  LDMOSFET.  Table  6  shows  the  extracted 
model  parameters  for  all  the  con:q}cxients  of  the  circuit  model  for  the  four  structures.  All  parameter 
values  are  in  a  range  that  is  physically  meaningful. 
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Table  6(d)  Model  parameters  for  Str  4. 


Component 

Value 

MOSFET 

type=n,  VtO=1  6,  Kp=1.6e-5, 

(level  - 1) 

LAMBDA=0.04,Rd=0.001,  Rs=0.0003, 

L=0.9  pm,  W=4  cm 

JFET 

type^ii,  BETA=0.95,  LAMBDA=0.06 

Diode 

VbD=50,  Cjo=20.5e-12,  Rs=0.25,Vj=0.7,  m=0.345 

Ciss  ^10 

18.0 

Crss  O^F) 

1.9 

RGP) 

0.001 

LG(nH) 

0.54 

rdCW) 

0.001 

LD(nH) 

0.6 

Lsm 

0.23 

Both  DC  and  RF  simulaticms  were  performed  using  the  above  circuit  models.  Figs.  15  (a)  -  (d) 
show  the  conparisOTi  betweai  the  simulated  and  modeled  I-V  curves  for  the  four  devices.  It  is  evident 
from  die  I-V  curves  that  the  SOI  devices  have  larger  drain  currait  for  a  givm  bias  than  the  bixlk  devices. 
A  reascaiable  good  matdi  was  obtained  betweai  the  simulated  and  modeled  S^arameter  values  for  the 
four  device  models  as  shown  in  Figs.  16(a)  -  16(d).  Tlie  S^jarameter  values  were  utilized  to  design  the 
impedance  mafrhing  networks  at  the  device  terminals  for  performing  AC  large  signal  analysis.  Figs.  17 
(a)  and  17  (b)  show  the  conqrarison  of  ou^ut  power  and  common  source  power  gain  for  the  bulk  and 
SOI  devices.  TTie  n-^i  devices  offer  more  gain  than  the  p-epi  devices  in  foe  case  of  both  foe 
technologies.  Table  7  shows  a  corr^ariscm  offoe  simulated  RF  parameters  for  foe  four  devices. 

Table  7.  Simulated  RF  performance  for  foe  four  device  structures. 


PARAMETER 

BIAS 

CONDITIONS 

Strl 

Str  2 

Str  3 

Str  4 

Common  Source  Power  Gain  (dB) 

Pin  of  2  W 

7.85 

9.38 

9.52 

9.29 

Noise  Figure  (dB) 

F^lGHz 

7.1 

6.86 

6.91 

6.84 

Extaisive  2D-  simulations  were  performed  by  including  reliable  self-heating  models  for  vanous 
matftriak  [25].  Ncxr-isofoermal  simulaticjns  were  performed  to  study  any  variations  in  foe  performance  of 
foe  device  due  to  increase  in  its  internal  temperature  caused  by  self-heating.  Fig.  1 8  shows  foe  variation 
in  foe  (xi-resistance  offoe  bulk  and  SOI  devices  (n-epi)  due  to  self-  heating.  As  evident  from  foe  plots, 
foe  on-resistance  of  foe  SOI  device  increases  more  rapidly  than  for  foe  bulk  device.  Haice,  there  is  a 
large  variaticxi  in  foe  DC  characteristics  of  foe  SOI  device  wifo  temperature  vfoai  compared  to  foe  bulk 
device.  Figs.  19  shows  foe  tenperature  distribution  ccxitours  frcMn  non-isofoermal  simulations  in  foe  SOI 

n-^i  device  at  VgS=  6V  and  ambiait  tenperature  of  300°C.  From  these  plots  it  is  evidoit  that  self¬ 
heating  causes  foe  Tnaximnm  rise  in  tenqrerature  in  foe  LDD  regicxi.  Self-heating  is  also  observed  in  bulk 
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Fig,16(a)  Sll  data  for  bulk  devices 
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Fig.  16(c)  Sll  data  for  SOI  devices 


INPUT  POWER  (W) 

Fig.  17(a)  Pin-Pout  data  for  bulk  devices 


_ . 


Fig.  16(b)  S22  data  for  bulk  devices 


Fig.  16(d)  S22  data  for  SOI  devices 


INPUT  POWER  (W) 
Fig.  17(b)  Pin-Pout  data  for  SOI  devices 
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OUTPUT  POWER  (W) 


TEMPERATURE  fC) 

Fig.  1 8  variaticai  in  on-resistance  with  temperature 
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Fig.  19  Teir^erature  distributiai  ccaitours  in  SOI  device  die  to  self  heating 


DRAIN  BIAS  OO 

Fig.20  variaticxi  in  I-V  curves  of  SOI  device  due  to  self  heating  effect. 


devices.  However,  in  the  bulk  device,  the  higher  ten5)erature  is  concaitrated  cxily  in  a  very  small  regicai 
around  tire  LDD.  However,  in  the  case  of  the  SOI  device,  there  is  an  increase  in  temperature  over  a 
major  portion  of  die  active  area  because  of  the  difficulty  for  heat  diffiision  due  to  the  existaice  of  an 
ingiilating  oxide  layers.  This  issue  needs  to  be  further  studied  in  Phase  n  since  it  could  lead 

Table  8(a).  Model  parameters  for  Str  1  at  75  °C. 


Component 

Value 

MOSFET 

type=m,  VtO=1-3,  Kp=1.3e-5, 

(level  - 1) 

LAMBDA-0.  15,Rd=0.0001,  Rs=0.0001, 

L-0.9  pm,  W=4  cm 

JFET 

type=n,  Vxo=-4.6,  BETA=0.95,  LAMBDA=0.04 

Diode 

Vbd=50,  Cjo=26.5e-12,  Rs=0.25,Vj=0.7,  m=0.345 

Ciss  (pF) 

23.5 

Crss  (pF) 

1.9 

RG(i^) 

0.01 

LG(nH) 

0.13 

Rd(W) 

0.01 

LD(nH) 

0.6 

Ls(nH) 

0.23 

Table  8(b)  Model  parameters  for  Str  1  at  125  °C. 


Component 

Value 

MOSFET 

type=m,  VtC)=115,  Kp=1.2e-5, 

(level  - 1) 

LAMBDA=0.07,Rd=0.001,  Rs=0.001, 

L=0.9  pni,W=4  cm 

JFET 

type^,  VtCP-4.9,  BETA-0.85,  LAMBDA-0.03 

Dicxle 

VbD=50,  Cjo=29e-12,  Rs=0.25,Vj=0.7,  m-0.395 

Ciss  (pF) 

24.0 

Crss  (pF) 

1.5 

0.01 

LG(nH) 

0.53 

RD(W) 

0.01 

LD(nH) 

0.6 

Ls(nH) 

0.23 

to  pranature  device  breakdown  andelectromigratiOT.  Fig.  20  shows  a  comparison  between  the  simulated 
I-V  curves  for  die  n-^i  S01  device  obtained  fiom  isodieimal  and  ncxi-isodiermal  simulaticxis.  It  is 
evident  from  these  results  diat  diere  is  an  increase  in  the  on-resistance  and  a  reduction  in  die  drain 
saturation  curroit  due  to  self-heating.  No  change  in  capacitances  were  simulated  due  to  increase  in  the 
lattice  ten^erature  within  the  device. 
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Table  8(c)  Model  parameters  for  Str  3  at  75  °C. 


Component 

Value 

MOSFET 

^e=m,  VtO=1  4,  Kp=1.2e-5, 

(level  - 1) 

LAMBDA-0.10,Rd=0.006,  Rs=0.005, 

L=0.9  pm,  W=4  cm 

JFET 

type=m,  VtO=^-65,  BETA=1.2,  LAMBDA=0.02 

Diode 

VbD=50,  Cjo=21e-12,  Rs=0.25,Vj=0.7,  m=0.395 

Qss  (pF) 

17.5 

Crss(pF) 

1.6 

RG(f^) 

LG(nH) 

0.13 

RD(W) 

0.001 

LD(nH) 

1.1 

Ls(nH) 

0.23 

Table  8(d)  Model  parameters  for  Str  3  at  125  °C. 


Component 

Value 

MOSFET 

type=m,  VtO=1-25,  Kp=1.2e-5, 

Oevel  - 1) 

LAMBDA=0.02,Rd=0.01,  Rs=0.003, 

L=0.9  pm,  W=4  cm 

JFET 

type=n,  VtO=^  9,  BETA=0.95,  LAMBDA=0.09 

Diode 

VbD=50,  Cjo=20.5e-12,  Rs-<).25,Vj=0.7,  m=0.345" 

Qss  (pF) 

18.0 

Crss 

1.9 

rg(j^) 

0.001 

LG(nH) 

0.54 

Rd(W) 

0.001 

LD(nH) 

0.6 

Ls(nH) 

0.23 

Because  of  Ihe  nature  of  applicaticais,  it  is  in:5)ortant  to  ccaisider  the  high^emperature 
performance  of  these  devices.  The  DC  simulaticms  were  performed  to  study  Ihe  behavior  of  die  n-qii 
devices  at  various  ambient  tenqieratures.  Circuit  models  were  extracted  from  the  simulated  data  for  the 

emulation  of  die  device  performance  at  75°C  and  125°C.  There  is  a  shaip  increase  in  the  <xi-resistance 
of  the  devices  at  hi^er  ambiait  tenqieratures.  This  is  caused  by  the  inverse  dgiaidaice  of  the  on- 
resistance  of  the  LDMOSFET  ai  mobility.  The  mobility  of  the  carriers  decreases  widi  increase  in  the 
tenperature.  a  similar  reascxiing,  the  transconductance  also  decreases  with  t^i^erature.  Circuit 
models  for  bulk  and  SOI  n-^i  devices  at  higher  tm^eratures  are  given  in  Table  8. 
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C4  Conclusions 


In  conclusiOTi,  four  50V  LDMOSFET  device  structures  were  designed  and  optimized  for  RF 
performance  and  a  comparative  study  has  bear  made  to  determine  the  qrtimum  tedmology  for  Phase  n 
develq)mait  and  commerciahzation.  Lower  paiasitics  and  on-resistance  make  SOI  devices  better  suited 
for  RF  ^plications  than  flieir  bulk  counterparts.  Devices  built  <xi  n-type  epitaxial  layer  offer  better  RF 
gain  than  the  p*epi  devices.  Near-isothermal  simulations  made  wi  the  n-epi  SOI  device  suggest  drat  for 
the  feature  sizes  under  caisideration  (about  I  pm),  self  heating,  vdiich  is  a  prime  matter  of  caicem  in  the 
wide  spread  use  of  SOI  technology,  does  not  deteriorate  the  DC  performance  of  the  device  significantly. 
However,  more  definitive  numerical  simulatirais  including  the  package  thermal  resistance  and  rnqrroved 
secrad-order  physics  models  need  to  be  performed  for  a  critical  evaluation.  These  results  are  very 
mcouiaging  and  provide  inpetus  for  fiirther  develcpment  and  commercializatioo  of  SOI  RF 
LDMOSFETs  in  Phase  H. 
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